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Investigation of Processing Conditions of Melded Parts
to Determine Process Boundaries
Tim Corbett, Mark Forrest, and Bronwyn L. Fox
Center for Material and Fiber Innovation, Deakin University, Victoria, Australia
Melding, a novel method for producing seamless joints in thermosetting composites utilising the QuickstepTM process, is explored in this paper.
The effect of processing conditions on the quality of melded joins is examined and a set of processing boundaries deﬁned so that the strength of
melded joints is optimized. HexPly 914c pre-preg material was exposed to a range of processing temperatures prior to joining via the melding
process. Differential Scanning Calorimetry analysis was carried out to investigate the degree of cure of material prior to ﬁnal joining, and it was
found that minimal cure occurs at temperatures below 120C. After consolidation and cure of the melded parts, short beam shear testing was
conducted to evaluate the strength of the melded interface. Exposure temperatures between 65C and 120C were found to optimize short beam
shear join strength. Mode I double cantilever beam and mode II end notched ﬂexural tests showed no detrimental effect of elevated exposure
temperatures prior to joining.
Keywords DCB; Degree of cure; ENF; Hexply 914; Joining; Melding; Short beam shear; Thermosetting composites; Transition zone.
1. Introduction
In the automotive and aerospace industries, the use
of composite materials to create lightweight structures
is becoming increasingly common-place. Of particular
interest are thermosetting pre-preg carbon ﬁber composite
materials, due to their superior mechanical properties
and processing characteristics when compared to other
composite production methods. While numerous methods
for joining advanced composite structures exist, they are
not without limitations. Rivets and mechanical fasteners are
a traditional approach, however they are time consuming
and expensive in a production environment, mechanically
inefﬁcient, and create stress concentration points, which can
lead to premature part failure [1]. Adhesive bonding has
become a popular alternative, although this process also has
limitations. Adhesives can be susceptible to peel forces and
environmental attack by hydrolysis [2]; particular attention
must be paid to surface preparation and suitable interaction
between the adhesive and substrate to ensure longevity of
the join.
The melding technique purports to overcome the
limitations of adhesives by retaining chemically active
material to react and form a new join [3]. Partially cured
areas are retained in areas to be joined by the process, so that
chemical cross-linking can occur. This creates a seamless
joint without secondary/adhesive bonds.
The melding process is a derivative of the QuickstepTM
curing process. In the Quickstep process heat transfer ﬂuid
is circulated through ﬂuid ﬁlled silicon bladders that are
placed either side of the composite laminate to be cured. The
process has been found to be a rapid and efﬁcient method
of curing composite laminates [4].
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In the ﬁrst stage of the melding process, hot ﬂuid is
circulated around a part to perform the curing operation. At
the same time, cold ﬂuid is circulated in separate bladders
around those areas of the part that are to be joined by
the melding process. In this way, the process restricts cure
progression and retains material that resembles the uncured
pre-preg. A laminate is produced with areas that are cured,
and other areas that are relatively uncured (Fig. 1).
In the second stage, un-cured material is brought together
in a desired arrangement with other similarly treated
material or fresh pre-preg [Figs. 2(a) and (b)]. The uncured
material is joined and cured simultaneously by circulating
hot ﬂuid and completing the cure cycle [Fig. 2(c)]. Details
of the cure cycle used are outlined in the method. The
two-stage procedure is referred to as melding.
Early work conducted by the authors [5] has shown that
the process is capable of producing joins that are comparable
to bonded, co-cured, and monolithic structures in various
joint arrangements. This work has shown that a unique
temperature proﬁle is created in a melded part during the
initial curing operation. While it was shown that this had
a negligible impact on the properties of the ﬁnal part, little
work has been presented on the degree of cure of material
prior to performing the ﬁnal melding operation. This is an
important area of concern as the degree of cure increases
approaching the initial transition zone (see Fig. 1), network
formation also increases and the functionality of the matrix
decreases [6], thus reducing the bonding potential with
other components. This paper assesses the impact of the
advancing degree of cure approaching the initial transition
zone and the effect this has on the melding/joining potential
of the partially cured laminate.
2. Methodology
2.1. Materials and Quickstep Processing
HexPly 914c pre-preg with 6K T300 carbon ﬁber
pre-impregnated with 914c matrix was supplied by Hexcel
777
D
ow
nl
oa
de
d 
by
 [D
ea
kin
 U
niv
ers
ity
 L
ibr
ary
] a
t 2
2:3
3 3
1 M
ay
 20
15
 
778 T. CORBETT ET AL.
Figure 1.—Schematic diagram depicting the ﬁrst stage of the melding process.
Composites (Duxford, U.K.). The matrix material consists
of a combination of tetra and tri functional epoxy resins
(GY720 and ERL0510) hardened with dicyanodiamide
(DICY) and/or diaminodiphenylsulphone (DDS) [7]. A
small amount of polyethersulphone (PES) thermoplastic
agent is also added to improve toughness of the cured
matrix, and also to help control viscosity through earlier
parts of the cure cycle [8].
Laminates were created by stacking multiple plies of
unidirectional tape, debulking after every 6 plies. The
laminates were vacuum bagged at −98kPa in a low/edge
bleed arrangement for a period of one hour prior to cure
taking place. A Quickstep QS5 curing machine was used
to cure the laminates utilizing a one-hour dwell at 120C
followed by one hour at 175C. This has been found to
produce high quality aerospace grade laminates [4]. The
cure cycle is shown in Fig. 3. All laminates were then post-
cured in a conventional oven for 4hours at 190C.
2.2. Determination of the Degree of Cure
When normal melding operations take place, a slotted
mould is utilized as in Fig. 4(a). A sharp increase in
temperature occurs at the spatial transition between the hot
and cold melding chambers.
To investigate the degree of cure of material from the cold
melding chamber and transition zone area, an un-slotted
mould was utilized to create a broad temperature proﬁle,
as demonstrated in Fig. 4(b). Two laminates 300mm ×
200mm 9 plies thick were exposed to the broad proﬁle at
isothermal temperatures ranging from 25C to 130C for a
period of 2.5 hours, the same period of time used in normal
curing operations.
Figure 2.—Schematic of a melded lap shear joint—(a) and (b) aligning
uncured areas, (c) a completed joint after the application of heat.
Figure 3.—Observed temperature while curing a HexPly 914c laminate.
Thermocouples were used to monitor the temperature
at 40mm intervals along both panels. The locations of
thermocouples are shown along the top edge of the laminate
in Fig. 5.
After removing the laminates from the melding chambers,
10–20mg samples were taken at positions along the panel
for DSC analysis. Using a Metler Toledo DSC821e, each
sample was subject to a dynamic temperature scan to
evaluate the residual heat of reaction Hr. Fresh (uncured)
pre-preg was also scanned to establish the total heat of
reaction of the material Ht. The degree of cure  of
material was calculated using the following equation:
 = Ht −Hr
Ht
(1)
2.3. Short Beam Shear (SBS) Testing
To evaluate the impact of partial cure on future melding
capacity, the two laminates described in the previous
Figure 4.—Arrangement of the Quickstep Melding chambers using (a) sharp
temperature proﬁle and (b) broad temperature proﬁle.
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PROCESSING CONDITIONS OF MELDED PARTS 779
Figure 5.—Systematic placement of thermocouples (above) and SBS
specimens (below) in relation to the cured panel.
section were brought together, ensuring that the areas of
equivalent degree of cure were matched, and a standard
cure cycle performed as described in Section 2.1 to
join the laminates. After post-cure, SBS specimens were
systematically removed from the cured panel as shown in
Fig. 5. The specimens were tested according to ASTM
D2344 [9], using a Lloyd LR30K testing machine at a
span:depth ratio of 4:1 and crosshead displacement of
1mm/minute. In addition to the melded sample described,
a monolithic structure was also laminated and cured as per
Section 2.1. Three batches of SBS specimens removed from
this laminate were tested alongside the melded specimens
to establish a baseline of material performance.
2.4. Fracture Toughness
Shortcomings of the SBS method are noted [9], therefore
additional panels for mode I double cantilever bending
(DCB) and mode II end notched ﬂexure (ENF) specimens
were created and joined using the melding process, to
ratify the outcomes of the previous section. Laminates
of half the required DCB/ENF sample thickness were
exposed to conditions shown in Section 2.3 to produce
good SBS strength. The half laminates were then melded
together creating panels of the required thickness. The cured
laminates were tested according to the European Structural
Integrity Society for mode I [10] and mode II testing [11].
The critical strain energy release rates for mode I Gic and
mode II Giic were calculated using the corrected beam
theory according to the following formulas:
Gic =
3P
2Ba
(2)
Giic =
9P2a2
16B2Efh2
(3)
(where P = load,  = crosshead displacement, B = speci-
men width, a = crack length, Ef = beam modulus, h = half
the specimen thickness).
3. Results and discussion
Figure 6 shows the observed temperature proﬁle at
positions along the 300mm× 200mm laminates while they
Figure 6.—Temperature proﬁle observed while exposing material to be joined
using by melding.
were inside the hot and cold melding chambers. Positions
between 0 and 150mm indicate material located in the cold
melding chamber where lower temperatures were observed.
Positions from 150 to 300mm show the temperature of
material in the hot melding chamber. Temperatures ranged
from 23C to 124C, with a larger increase in temperature
at positions between 100 and 200mm. This corresponds
to the location of the transition from cold to hot melding
chambers which occurs at the 150mm position.
When the laminates were removed from the melding
chambers, it was noted that the material properties changed
remarkably between the portions of the laminate exposed
to hot or cold conditions. Material that remained below
90C was found to be similar in tack and drape to the
untreated pre-preg. Material between 90C and 105C
showed decreasing tack and material drape, while material
exposed to temperatures above 105C showed vitriﬁcation
that increased with temperature.
Figures 7 and 8 show line maps of the degree of cure
of material at positions along the laminates. Samples of the
untreated pre-preg that were tested show that the degree of
cure can vary between 0 and 14% in the as-received b-staged
material. This demonstrates that very little appreciable cure
occurs in the material at temperatures below 120C. This is
despite the early vitriﬁcation noted at temperatures above
105C. Only at temperatures above 125C does appreciable
cure take place—a sample exposed to 135C was found to
have a degree of cure of 79%. This has been attributed to the
Figure 7.—The degree of cure (%) at positions along the panel (prior to
joining via melding).
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780 T. CORBETT ET AL.
Figure 8.—The degree of cure (%) plotted as a function of exposure
temperature.
melting/solution temperature of the latent hardener (DICY)
occurring at 135C [8].
Figure 9 shows the SBS strength at positions along the
panel after the two 300mm× 200mm laminates were joined
and cured using a standard cure cycle and then post cured
at 190C. The SBS strength shows an increasing trend at
positions from 100 to 150mm. After the initial increase in
strength, a plateau from 150 to 260mm of values between
110 and 115MPa were observed, before a sharp reduction in
yield strength over the ﬁnal 40mm of the panel. The plateau
values compare well to autoclave cured monolithic samples
that achieved values of 105MPa+/− 28MPa [12].
Figure 10 shows a similar trend to Fig. 9, however SBS
strength is plotted according to the exposure temperature
prior to joining. The plateau of SBS strength is observed
for temperatures between 70C and 120C. Although partial
vitriﬁcation was observed in material above 105C prior to
joining, this has not affected the ﬁnal joint strength. Instead,
SBS decreases rapidly at temperatures above 120C. This
correlates to the transition to a higher degree of cure that
also takes place at these temperatures prior to ﬁnal joining.
Increased network formation shown by the higher degree
of cure results in decreasing functionality and mobility of
the matrix reducing the joining/melding capacity of the
laminates. This is further evidenced by the failure mode
of the SBS specimens exposed to 120C or higher prior
to joining, where failure occurred primarily at the joined
mid-plane.
Figure 9.—SBS strength at positions along the melded panel.
Figure 10.—Variation of SBS strength according to temperature prior to
melding.
The impact of void content on SBS strength has been
noted with increasing void content leading to lower SBS
strength. At temperatures between 70C and 120C it is
expected that void content is appreciably lower leading
to improved SBS strength. As temperature increases,
the viscosity of the matrix decreases, allowing improved
bleeding of entrapped voids during lamination [8, 13].
Zhang et al. [14] utilized a dwell at 110C using
the Quickstep process, and observed increased fracture
toughness in mode I DCB HexPly 914c specimens.
Improved ﬁber wetting was cited as the reason in that
instance, and it is likely that this is also a contributing factor
to higher than expected SBS strength. This trend is only
apparent below 120C, as network formation occurs rapidly
above this temperature as described earlier.
While the SBS and DSC results show that exposure
to temperatures below 120C prior to joining are not
deleterious to the ﬁnal join strength, handling characteristics
must be considered in a manufacturing environment. Where
tack, drape and pliability of the part to be joined are
important considerations, i.e., when formability is required,
the pre-preg material should not be exposed to temperatures
above 90C. In this case, the SBS testing indicates that
exposure to temperatures above 65C will still result in
improved joint strength.
The results of the mode I and mode II testing of laminates
exposed to 45C and 65C prior to joining are shown in
Fig. 11. When compared to monolithic (control) samples the
melded samples show consistent performance. In particular,
the mode II ENF demonstrated highly repeatable Giic
critical strain energy release values. Although experimental
variation makes it difﬁcult to observe trends for the mode I
DCB samples, it would appear that exposure to the higher
temperature of 65C prior to joining has increased the Gic
crack initiation value. This may occur at the expense of
slightly decreased crack propagation values.
While there were no obvious detrimental effects, the
mode I and mode II tests did not show the same general
increase in strength at higher exposure temperatures when
compared to the SBS testing. It may be that temperatures
above 65C are required to improve material properties
in this testing environment. Further investigation is being
conducted in this area.
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PROCESSING CONDITIONS OF MELDED PARTS 781
Figure 11.—(a) Mode I DCB and (b) mode II ENF strain energy release rates of melded and monolithic structures.
4. Conclusions
The effect of processing temperature prior to joining via
the melding process has been investigated. Laminates of
HexPly 914c pre-preg material were exposed to a range of
elevated temperatures, and then joined using a standard high
temperature cure cycle. The following outcomes have been
determined:
1. DSC indicates minimal cure occurs in the Hexply 914
material below 120C. Material from the cold melding
chamber was maintained at temperatures as low as 23C;
2. Short Beam Shear testing demonstrated that melded join
strength is optimized by maintaining material between
70C and 120C;
3. To maintain drape and tack of material to be
joined/melded, it should be maintained at temperatures
below 90C;
4. Melded laminates showed equivalent strength in both
Mode I DCB and mode II ENF testing to monolithically
cured samples.
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